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Introduction {#sec005}
============

Poor efficacy of orally administered rotavirus vaccines in many low and middle income countries (LMICs) has spurred great efforts towards understanding the reasons behind this observed trend \[[@pone.0189351.ref001]--[@pone.0189351.ref004]\]. Several factors explaining this reduced efficacy have been postulated including malnutrition, concurrent administration with other vaccines, infection with various enteric pathogens, environmental enteropathy, host genetic and maternal factors \[[@pone.0189351.ref005]--[@pone.0189351.ref014]\].

Maternal factors affecting rotavirus vaccine efficacy have become a focus of attention with research showing that in addition to immunologic components of breast milk (immunoglobulin A & B, (IgA and IgG)), non-immunologic components may also play a role in reduced vaccine efficacy \[[@pone.0189351.ref015]\]. Moon and colleagues (2013) showed that women from LMICs had higher rotavirus specific antibodies as well as higher levels of non-antibody breast milk antiviral glycoproteins, including lactoferrin (LF) and lactoadherin (LA), and demonstrated that these non-antibody components contributed to increased neutralization activity of breast milk against rotavirus \[[@pone.0189351.ref015]\]. Tenascin-C (TNC) has also recently become the focus of research as another non-immunological breast milk component that has shown activity against the HIV virus through possible blocking of the HIV-1 envelope and might therefore contribute to breast milk viral neutralizing properties \[[@pone.0189351.ref016]\]. Work from Nicaragua failed to show any associations between innate immune factors LF, LA or TNC and seroconversion of infants to pentavalent rotavirus vaccine (RV5) \[[@pone.0189351.ref017]\]. This difference in results between Moon and colleagues \[[@pone.0189351.ref015]\] and Becker-Dreps and colleagues \[[@pone.0189351.ref017]\] shows the need to determine which are key factors in the various settings.

Lactoferrin is a highly multi-functional protein found in secretory fluids such as tears, saliva, nasal secretions and breast milk \[[@pone.0189351.ref018]\]. It has been well researched for its anti-bacterial, anti-fungal and anti-viral properties \[[@pone.0189351.ref019]--[@pone.0189351.ref021]\]. Lactadherin is a milk fat protein also noted for its antiviral properties \[[@pone.0189351.ref022]\], while TNC is a highly conserved extracellular glycoprotein that has been previously associated with fetal growth development and wound healing properties \[[@pone.0189351.ref023], [@pone.0189351.ref024]\].

This study investigated the effect of maternal breast milk levels of TNC, LA and LF in Zambian women on their infant's seroconversion to the monovalent vaccine Rotarix™ (GlaxoSmithKline Biologicals, Rixensart, Belgium) when routinely immunized within the expanded programme on immunization in Zambia.

Materials and methods {#sec006}
=====================

The study protocol was approved by the University of Zambia Biomedical Research Ethics Committee, University of North Carolina at Chapel Hill Institutional Review Board and the Zambian Ministry of Health. The study was conducted in accordance with the principles of the Declaration of Helsinki and in compliance with good clinical practice guidelines; ClinicalTrials.gov registration number NCT 01886833.

Study site and participants {#sec007}
---------------------------

The study site and participant enrolment was as described previously \[[@pone.0189351.ref025]\]. Briefly, a population of eligible and consenting mothers and their infants attending routine immunization at Kamwala Clinic in Lusaka Zambia were recruited into the study. At 6 weeks post-partum (baseline), a sample of breast milk was provided by the mother through manual expression and immediately stored at -80°C. Blood was drawn from their infants at the time of breast milk collection for measurement of rotavirus-specific IgA and IgG described in detail previously \[[@pone.0189351.ref025]\] after which the infants received the routinely scheduled immunizations including rotavirus vaccine, Rotarix™. A second blood draw was taken from infants one month after receiving the second dose of Rotarix™ to measure rotavirus-specific IgA which was used to determine the seroconversion status of the infants.

Measurement of LF, LA and TNC in breast milk {#sec008}
--------------------------------------------

Enzyme-linked immunosorbent assay (ELISA) was used for measurement of LF, LA and TNC in breast milk samples. LF concentrations were determined using commercial Human Lactoferrin (HLF2) ELISA kit (ab108882 Abcam, Cambridge United Kingdom) according to the manufacturer's instructions except that the aqueous portion of breast milk samples was serially diluted to 1:1,000,000. Briefly, breast milk samples were centrifuged at 800 x *g* for 10 minutes and the diluted aqueous portion added to microplate wells pre-coated with LF antibody and incubated. After washing, wells were treated with human LF-specific biotinylated detection antibody, followed by another wash step and incubated with streptavidin peroxidase conjugate. After incubation, color reactions were developed with chromogen substrate, 3,3',5,5'-tetramethylbenzidine, and stopped with stop solution. Optical density was read at 450nm and 570nm for wavelength correction and LF concentrations were determined using assay standard curve. Commercial ELISA kits were similarly used to determine concentrations of LA (LS-F12031, LifeSpan BioSciences USA) and TNC (LS-F22079, LifeSpan BioSciences USA). Samples were centrifuged at 800 x g for 10 minutes, LA samples were left undiluted and TNC diluted 1:100 and assayed as with LF substituting Avidin-Horseradish Peroxidase during color development. Optical density was read at 450nm wavelength and concentrations were determined based on the assay standard curve.

Post-hoc power calculation {#sec009}
--------------------------

We calculated the post-hoc power for a given sample size of 128 available for this study. For a 40% prevalence of non-seroconverted infants one month following full rotavirus immunisation, this study is powered at about 70% to detect a decrease to 20% in the proportion of babies not seroconverted using a two-sided Pearson's chi-squared test at 5% level of significance.

Statistical analysis {#sec010}
--------------------

The primary outcome was vaccine seroconversion in infants defined as a four-fold or greater increase in rotavirus-specific IgA titre between baseline and 1 month post Rotarix™ second dose. IgA titre higher or equal to 40 in serum was considered positive. IgA titre below limit of detection (BLD) (i.e. smaller than 20) in serum was assigned a value of 1 \[[@pone.0189351.ref008], [@pone.0189351.ref025], [@pone.0189351.ref026]\]. Breast milk glycoproteins (TNC, LA and LF), breast milk rotavirus specific-IgA, and infant serum rotavirus specific-IgG were categorized as quartiles and we used Wilcoxon rank-sum test for trend to examine association with seroconversion. For other infant and maternal factors, we used Pearson's Chi-squared test to examine associations. Spearman's correlation coefficient was used to examine correlation between the breast milk antiviral glycoproteins. Where there was no evidence of pairwise correlation, we included all the components in the regression model to assess independent effects.

Poisson regression model with robust standard error was used to estimate the independent effects of maternal breast milk levels of TNC, LA and LF on seroconversion adjusting for infant and maternal factors. The maternal breast milk levels of TNC, LA and LF were transformed into log base 2 scales and modelled as a continuous covariate so that the effect would be interpreted as a doubling of the concentration. Zero concentrations were imputed with a very small value (i.e. 0.01) before log transformation so that we do not set them to missing. In the multivariable model, we estimated the independent as well as joint effects of the maternal breast milk levels of TNC, LA and LF on seroconversion. Covariates (i.e. breast milk, maternal and child characteristics) were retained in the model regardless of their p-values to improve the precision of the estimates. In a sensitivity analysis, we explored the influence of BLD by assigning half the smallest titre (i.e. 10). Data were analysed using Stata 14 (StataCorp, College Station, Texas, USA).

Results {#sec011}
=======

Characteristics of participants {#sec012}
-------------------------------

A total of 420 mother-infant pairs successfully enrolled in the primary study. Information on non-immunological components was collected from 262 and information on seroconversion from 134. This was partly due to participants' failure to bring infants for post vaccination blood draws and drop out after initial enrolment. After removing 6 observations with incomplete data for one or more of the variables in our analysis, the final sample for analysis comprised a total of 128 individuals with full data; see **[Fig 1](#pone.0189351.g001){ref-type="fig"}.** The median breast-milk anti-rotavirus IgA was 160 (Interquartile range \[IQR\] = 80--320) while the median breast-milk anti-rotavirus IgG was 5,120 (IQR = 2,560--10,240) ([Table 1](#pone.0189351.t001){ref-type="table"}).

![Study participants flow chart.](pone.0189351.g001){#pone.0189351.g001}

10.1371/journal.pone.0189351.t001

###### Frequency of seroconversion after second vaccine dose by breast milk components and key infant and maternal factors among rotavirus-vaccinated infants aged 6--11 weeks.

Values below limit of detection were imputted as 1.

![](pone.0189351.t001){#pone.0189351.t001g}

  Breat-milk component                                            Number of infants (% of total)   No. (%) of seroconverted   95% CI     P-Value[^1^](#t001fn001){ref-type="table-fn"}
  --------------------------------------------------------------- -------------------------------- -------------------------- ---------- -----------------------------------------------
  **TNC---Quartiles (median conc. (mg/ml))**                                                                                             
      Median (IQR)                                                1.09 (0.77--36.00)                                          \-         \-
      1 (0.38)                                                    30 (23)                          18 (60)                    (41--76)   0.564
      2 (0.92)                                                    29 (23)                          19 (66)                    (46--81)   
      3 (1.21)                                                    36 (28)                          21 (58)                    (42--73)   
      4 (1.64)                                                    33 (26)                          23 (70)                    (52--83)   
  **LA---Quartiles (median conc. (pg/ml))**                                                                                              
      Median (IQR)                                                0 (0--54.43)                                                \-         \-
      1+2 (1)                                                     67 (52)                          50 (75)                    (63--84)   **0.006**
      2 (20)                                                      30 (23)                          16 (53)                    (35--70)   
      3 (280)                                                     31 (24)                          15 (48)                    (31--66)   
  **LF---Quartiles (median conc. (mg/ml))**                                                                                              
      Median (IQR)                                                60,538 (20,254--74,530)                                     \-         \-
      1+2 (13,745)                                                31 (24)                          20 (65)                    (46--79)   0.577
      2 (39,628)                                                  28 (22)                          15 (54)                    (35--71)   
      3 (74,062)                                                  69 (54)                          46 (67)                    (55--77)   
  **Breast-milk anti-rotavirus IgA---Quartiles (median titre)**                                                                          
      Median (IQR)                                                160 (80--320)                                               \-         \-
      1 (40)                                                      60 (47)                          44 (73)                    (61--83)   **0.008**
      2 (160)                                                     25 (20)                          17 (68)                    (47--83)   
      3 (320)                                                     21 (16)                          10 (48)                    (27--69)   
      4 (960)                                                     22 (17)                          10 (45)                    (26--66)   
  **Breast-milk anti-rotavirus IgG---Quartiles (median titre)**                                                                          
      Median (IQR)                                                5,120 (2,560--10,240)                                       \-         \-
      1 (1,280)                                                   45 (35)                          34 (76)                    (61--86)   0.095
      2 (5,120)                                                   26 (20)                          15 (58)                    (38--75)   
      3 (10,240)                                                  31 (24)                          16 (52)                    (34--69)   
      4 (20,480)                                                  26 (20)                          16 (62)                    (42--78)   
  **Sex of child**                                                                                                                        
      Female                                                      72 (56)                          44 (61)                    (49--72)   0.564
      Male                                                        56 (44)                          37 (66)                    (53--77)   
  **Age of child at vaccination (Weeks)**                                                                                                
      \<7                                                         78 (61)                          52 (67)                    (55--76)   0.321
      7+                                                          50 (39)                          29 (58)                    (44--71)   
  **Seropositivity at baseline**                                                                                                          
      No                                                          100 (78)                         65 (65)                    (55--74)   0.446
      Yes                                                         28 (22)                          16 (57)                    (31--74)   
  **Maternal age**                                                                                                                        
      16--19                                                      21 (16)                          13 (62)                    (40--80)   0.695
      20--29                                                      83 (65)                          51 (61)                    (50--71)   
      30--39                                                      24 (19)                          17 (71)                    (49--86)   
  **Maternal HIV Status**                                                                                                                 
      Negative                                                    85 (66)                          59 (69)                    (59--78)   **0.043**
      Positive                                                    43 (34)                          22 (51)                    (36--66)   
  **Season of vaccination**                                                                                                               
      Dry (May-October)                                           76 (59)                          49 (64)                    (53--75)   0.735
      Wet (November-April)                                        52 (41)                          32 (62)                    (48--74)   
  **Total**                                                       128                              81 (63)                    (54--71)    

^1^ Wilcoxon rank-sum test for trend

^2^ Chi-square test

The median breast milk TNC, LA, and LF titres for the entire sample were 1.09 mg/ml (IQR = 0.77--36.00), 0 pg/ml (IQR = 0--54.43) and 60,538 mg/ml (IQR = 20,254--74,530) respectively ([Table 1](#pone.0189351.t001){ref-type="table"}). Overall, 63% (81/128) of infants seroconverted following rotavirus vaccination ([Table 1](#pone.0189351.t001){ref-type="table"}). Infants whose mothers had higher titres of LA (P = 0.006) were less likely to seroconvert ([Table 1](#pone.0189351.t001){ref-type="table"}).

Breast milk components independently associated with seroconversion {#sec013}
-------------------------------------------------------------------

In univariable analyses, we found evidence of an association between LA and seroconversion (Crude IRR **=** 0.94; 95% CI = 0.90--0.99; P = 0.009) while there was no evidence of association between TNC, LF and seroconversion ([Table 2](#pone.0189351.t002){ref-type="table"}). In a multivariable analysis adjusting for maternal age, maternal HIV status, seropositivity at baseline, sex, age of child at vaccination as well as breast milk IgA and IgG we found evidence of independent effect of LA (Adjusted IRR = 0.95; 95% CI = 0.91--0.99; P = 0.019) on seroconversion while there was no evidence for TNC (Adjusted IRR = 1.00; 95% CI = 0.85--1.17; P = 0.967) and LF (Adjusted RR = 1.01; 95% CI = 0.96--1.05); P = 0.802) ([Table 2](#pone.0189351.t002){ref-type="table"}). We explored the joint effects of the three non-immunologic factors but we found no evidence (Adjusted RR = 0.95; 95% CI = 0.- 0.81; P = 0.535) ([Table 2](#pone.0189351.t002){ref-type="table"}). We didn't find any correlations between the breast milk component concentrations.

10.1371/journal.pone.0189351.t002

###### Effects of non-immunological factors in breast milk on vaccine seroconversion post second dose among rotavirus-vaccinated infants aged 6--11 weeks.

Values below limit of detection were imputed to 1.

![](pone.0189351.t002){#pone.0189351.t002g}

  Biomarker                                                            IRR (95%CI)         P-value     Adjusted RR (95%CI) [^1^](#t002fn001){ref-type="table-fn"}   Adjusted P-value
  -------------------------------------------------------------------- ------------------- ----------- ------------------------------------------------------------ ------------------
  **TNC**                                                                                                                                                           
                                                                       1.05 (0.89, 1.24)   0.546       1.00 (0.85, 1.17)                                            0.967
  **LA**                                                                                                                                                             
                                                                       0.94 (0.90, 0.99)   **0.009**   0.95 (0.91, 0.99)                                            **0.019**
  **LF**                                                                                                                                                             
                                                                       1.01 (0.96, 1.05)   0.8         1.01 (0.96, 1.05)                                            0.802
  **Joint effect TNC, LA, LF**[^2^](#t002fn002){ref-type="table-fn"}                                                                                                
                                                                       1.01 (0.85, 1.19)   0.947       0.95 (0.81, 1.12)                                            0.535

^1^ Estimates were adjusted for Breast-milk anti-rotavirus IgA (transformed on log base 2); Infant serum anti-rotavirus IgG titre (transformed on log base 2); Maternal age (categorical); Maternal HIV status; Seropositivity at baseline (IgA \> = 1:40) (binary); Age of child at vaccination (binary); Sex and TNC, LA and LF (transformed on log base

^2^ Joint effect was calculated using linear combination of TNC, LA and LF and estimated using the lincom command

Sensitivity analysis {#sec014}
--------------------

In a sensitivity analysis to explore the effect of handling values BLD on the case definition of seroconversion, we found that when imputed by half the smallest titre (10), instead of by one, the independent effects of LA, TNC, and LF were similar except that the 95% CIs were slightly wider ([Table 3](#pone.0189351.t003){ref-type="table"}), suggesting that our study is underpowered to detect such effect.

10.1371/journal.pone.0189351.t003

###### Effects of non-immunological factors in breast milk on vaccine seroconversion post second dose among rotavirus-vaccinated infants aged 6--11 weeks.

Values below limit of detection were imputed to half the lowest titre in that particular component for sensitivity purposes.

![](pone.0189351.t003){#pone.0189351.t003g}

  Biomarker                                                             IRR (95%CI)         P-value   Adjusted RR (95%CI) [^1^](#t003fn001){ref-type="table-fn"}   Adjusted P-value
  --------------------------------------------------------------------- ------------------- --------- ------------------------------------------------------------ ------------------
  **TNC**                                                                                                                                                          
                                                                        1.00 (0.84, 1.20)   0.974     0.94 (0.78, 1.12)                                            0.473
  **LA**                                                                                                                                                            
                                                                        0.96 (0.92, 1.00)   0.057     0.97 (0.93, 1.02)                                            0.214
  **LF**                                                                                                                                                            
                                                                        1.03 (0.91, 1.17)   0.657     1.02 (0.91, 1.15)                                            0.686
  **Joint effect TNC, LA, LF** [^2^](#t003fn002){ref-type="table-fn"}                                                                                              
                                                                        0.99 (0.81, 1.21)   0.914     0.93 (0.77, 1.14)                                            0.502

^1^ Estimates were adjusted for Breast-milk anti-rotavirus IgA (transformed on log base 2); Infant serum anti-rotavirus IgG titre (transformed on log base 2); Maternal age (categorical); Maternal HIV status; Seropositivity at baseline (IgA \> = 1:40) (binary); Age of child at vaccination (binary); Sex and TNC, LA and LF (transformed on log base

^2^ Joint effect was calculated using linear combination of TNC, LA and LF and estimated using the lincom command

Discussion {#sec015}
==========

We found that increasing concentration of maternal breast milk LA in Zambian women might play a role on their infant's inability to seroconvert to the monovalent vaccine Rotarix™ (GlaxoSmithKline Biologicals, Rixensart, Belgium) when routinely immunized within the expanded programme on immunization in Zambia. However, there was no evidence from our study regarding the role of TNC or LF or jointly (TNC, LF, LA) on seroconversion.

Very little is known about the association of breast milk components with rotavirus vaccine response. In the only such study conducted in Nicaragua, Becker-Dreps and colleagues failed to find association between seroconversion and innate immune factors (Lactoferrin, Lactadherin, Tenascin-C) in mother's breast milk \[[@pone.0189351.ref017]\]. The observed association of LA with seroconversion found in our study is interesting. In our study, we observed that over half of the mothers have zero LA concentrations (median = 0 pg/ml (IQR = 0--54.43), possibly pointing to the fact that even small differences in concentration could have a sizeable effect. This tallies with the conclusion reached by Newburg and colleagues (1998) who noted that higher LA concentrations were able to play a key role in mitigating rotavirus symptomatic infection even in the absence of LF \[[@pone.0189351.ref022]\]. The conclusion by Moon and colleagues \[[@pone.0189351.ref015]\] found that increased LF and LA concentrations was associated with an increase in virus neutralization activity, which would point towards our finding of LA neutralizing the vaccine and thus impacting on vaccine uptake. Our study failed to find any correlations between TNC, LA and LF. This could be explained by the differences in location of the molecules and the genetic make up. Newburg and collegues (1998) showed that LA was a milk fat globule (MFG) protein located in the hydrophobic membrane with a heterogeneous sugar backbone that is determined by the Lewis blood group and secretor status. Lewis status deterimined differences in the carbohydrate moiety that could affect its expression and ultimately concentrations found in milk \[[@pone.0189351.ref022]\]. Whereas TNC and LF are secretory hydrophilic components and these differences in properties would not allow for synergism between the components hence the lack of association observed.

Although our results showed that the presence of TNC, LA, and LF together did not have an effect on rotavirus vaccine seroconversion among the infants, further work is needed before a conclusion can be made. An analysis of this nature may clarify the work by Moon et al (36) who noted that as concentrations of LF and LA increased so did rotavirus neutralization. Given that nearly all mothers had detectable TNC and LF levels in breast milk, this could be a limiting factor in analysis of the independent effect of LA as it could have been masked behind the total effect of all three non-immunological factors. Thus, further research on the effect of LA and its ability to affect rotavirus seroconversion in infants in the absence of the other two components may be of interest.

Our analysis also showed that fewer children of HIV positive mothers seroconverted than those of uninfected mothers (P = 0.035) which did not remain significant after adjusting for LA, suggesting potential interference by HIV exposure with infant's response to rotavirus vaccine. The result of HIV exposure being significant is of interest to us. Despite literature showing that infants are able to mount adequate immune responses to rotavirus vaccine regardless of their HIV exposure status \[[@pone.0189351.ref027]--[@pone.0189351.ref029]\], it once again reminds us that HIV exposed children present a challenging population subset that require careful understanding of its potential interference with immune response to rotavirus vaccine. Our data suggests that the observed level of LA could have some association with HIV exposure status of children. This however is another area for further research with regards to the mode of actions of these factors on rotavirus vaccines in the context of HIV.

Another area of consideration for further research is the handling of values BLD for the case definition of seroconversion. The use of 1 to impute sBLD is conventional but a methodological study to examine optimum values to impute for BLD is an important consideration.

Conclusions {#sec016}
===========

Our study found association of LA (but not TNC and LF) with seroconversion. There is need for further work to determine if breast milk concentrations LA and rotavirus IgA contribute to the lower seroconversion rate in infants after rotavirus vaccination in developing regions.
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